Introduction
Cycloaddition reactions 1 are a fundamental class of processes in synthetic chemistry and among them 1,3-dipolar cycloadditions (DCR) are atom-economic transformations that permit the construction of five-membered heterocycles. Moreover, enantioselective DCR versions allow for the creation of several adjacent stereogenic centres, in a single step with stereochemical control. 2 Over the last years, one of the most studied DCR has been the cycloaddition of nitrones with alkenes (Scheme 1). 3 The resulting isoxazolidines have been applied as valuable synthetic intermediates for the preparation of useful compounds such as alkaloids, -lactams, amino acids or amino sugars taking advantage of the easy cleavage of the N-O bond of these cyclic compounds under mild reducing conditions. The greatest challenge for the DCR of nitrones with alkenes is to control the enantioselectivity of the addition. For this purpose, the use of chiral transition-metal Lewis acids as catalysts is one of the most promising approaches. Typically, coordination of a nitrone to the Lewis acid is more feasible than coordination of an alkene. 5 For this reason, asymmetric catalytic reactions in which the dipolarophile is activated by a chiral Lewis acid (normal electron demand) were only successful for substrates such as alkenoyloxazolidinones that enable a bidentate coordination to the Lewis acid and preclude the coordination of the nitrone. 2, 3 In fact, the first example of a transition-metal-catalysed asymmetric DCR between alkenes and nitrones exploits this feature using chiral titanium compounds as catalysts. 6 In connection with this work, a catalytic intermediate featuring the N-cinnamoyloxazolidinone coordinated to the metal was isolated and characterised by X-ray crystallography (Scheme 2a). 7 However, over the last years, a few examples of one-point-binding catalysts for the asymmetric normal electron demand DCR of nitrones with electron-deficient monofunctionalised alkenes have been reported. Thus, in 2002, Kündig et al. developed catalytic DCR between nitrones and ,-unsaturated aldehydes in the presence of Binop-F iron and ruthenium complexes as chiral Lewis-acid catalysts (Scheme 2b). 8 Since then, a number of reports dealing with this class of DCR have been published by Kündig, 9 Yamada, 10 Kanemasa, 11 Maruoka, 12 Doyle 13 and ourselves. 5c,14 For this type of catalysts, coordination of the aldehyde is favoured over coordination of the nitrone either via the appropriate choice of the chiral Lewis acid or keeping the nitrone concentration low by adding it slowly to the reaction medium. On the other hand, the problem of the competitive coordination between nitrones and alkenes can be also circumvented by using alkenes with a good coordinating functionality such as a cyano group. In this context, we have shown that half-sandwich complexes of Rh(III) or Ir(III) containing the chiral fragment (η 5 -C 5 Me 5 )M{(R)-Prophos} catalyse the DCR of nitrones and,-unsaturated nitriles. With all these concerns in mind, herein we report on: i) the catalytic asymmetric DCR of methacrylonitrile with nitrones I-III (Scheme 3) using the aqua-complexes (7- 
Results and Discussion

Catalytic Studies
12)
The title complexes were prepared in nearly quantitative yield by addition of methacrylonitrile to the corresponding aqua-complexes 1-6 (Eq. 1). The reaction afforded mixtures of the two possible epimers at the metal, namely S M (which we will label with an a) and R M (labelled b). The diastereomeric ratio of formation is quoted in Eq. 1. and, as it can be seen, low diastereomeric excesses were achieved (≤ 36%). The configuration at the metal centre was assigned by NOE measurements (see below).
[ The new complexes were characterised by analytical and spectroscopic means including two-dimensional homo-and hetero-nuclear NMR correlations. In addition, the crystal structure of the rhodium methacrylonitrile complex 7a has been determined by X-ray diffractometric methods. The 31 P NMR spectra consist of two doublets of doublets (Rh-P coupling constants of about 120-130 Hz and P-P couplings of about 40 Hz) for the rhodium complexes and two doublets for the iridium ones, with a P-P coupling of about 13 Hz.
A NOE correlation between the H 11 (complexes 7, 8, 10 and 11) or H 2 proton (complexes 9 and 12) (see Scheme 7 for labelling) and the methyl protons of the coordinated methacrylonitrile strongly indicates an S configuration at the metal (isomers labelled a).
Mixtures of the R-and S-at-metal isomers epimerise to the S-at-metal epimer at different rate depending on both, the metal and the phospane. Thus, starting from slightly diastereoenriched samples of the Benphos and Cyphos rhodium compounds 7 and 8, diastereopure 7a and 8a are obtained after 1 hour of treatment at RT, in acetone.
However, to obtain in diastereopure form the iridium analogues 10a and 11a, it is necessary to reflux the starting epimeric mixtures in acetone over 6 hours. Finally, mixtures of the Norphos isomers 9a/9b (12% d. e.) and 12a/12b (6% d. e.) evolve up to about 40% d. e. in favour of the (S)−epimer, after refluxing in acetone for 6 hours.
Molecular structure of compound 7a
Single crystals suitable for X-ray diffraction analysis were obtained by slow diffusion of n-hexane into dichloromethane solutions of complex 7a. A molecular representation of the complex is depicted in Figure 1 and relevant structural parameters are summarized in Table 2 . The metal atom exhibits a formal pseudo-tetrahedral environment being coordinated to an  Table 2 . Selected bond distances (Å) and angles (º) for the complex 7a (42) double bond of the pro-R phenyl ring of the P(2)Ph 2 fragment (Figure 2 ). These interactions are characterised by short H … phenyl plane ring separations and H … C interatomic distances, clearly shorter than the sum of the van der Waals radii (Table 3 ).
In the encountered conformation, the Si face of the coordinated nitrile becomes shielded by the pro-S phenyl ring of the P(1)PPh 2 group involved in the CH/π interactions and, therefore, the attack of the nitrone would preferentially occur through the Re face of this substrate.
Stoichiometric Reactions
The preparation of complexes 7-12 according to Eq. 1, clearly establishes that both epimers at metal are present during the catalytic reactions above reported. Assuming A slight decrease in the diastereoselectivity was observed for the reaction between the rhodium complexes and the linear nitrones I and II (compare entries 1-6 in Table 4 with the corresponding entries in Table 1 ). The perfect selectivity, in favour of the 3,5-endo cycloadduct for the cyclic nitrone III, was not affected (entries 7-12).
In these stoichiometric reactions, a notable and generalised increase in the e. e.
values was observed in relation to those obtained in sub-stoichiometric runs. Thus, for example, whereas employing a mixture of the two Rh/Cyphos epimers 8a/8b as catalyst gives no significant e. e. for the reaction between methacrylonitrile and nitrone I (entry 2, Table 1 ), using enantiopure 8a gives, for the same reaction, 40 % and 47 % e. e. in the 3,5-endo and in the 3,5-exo cycloadducts, respectively (entry 2, Table 4 ). Similarly, 90 % e. e. in the 3,5-endo adduct was obtained in the reaction between methacrylonitrile and nitrone III when stereopure complex 8a was employed as catalyst (entry 8, Table 4 ), in contrast to the 65 % e. e. obtained when 8a/8b mixtures were used (entry 8, Table 1 ). The employ of diastereoenriched mixtures of the Norphos complexes 9 and 12 in a stoichiometric manner also improves the e. e.; in particular, 86% e. e. was achieved for nitrone III (entry 9, Tables 1 and 4 ). These results strongly indicate that changing the metal configuration reverses the induction sign and renders antipode adducts i. e. metal configuration governs the stereoselectivity.
Recycling experiments
Finally, trying to increase the ratio adduct/catalyst without loss of e. e., we carried out recycling experiments using the reaction between nitrone III and methacrylonitrile catalysed by complex 8 as a model. Scheme 6 shows the procedure developed to this end. In the first step, 5 equivalents of nitrone were added to diastereopure (S M ,R C )-8.
After the required reaction time, excess of nitrone was extracted in Et 2 O/CH 2 Cl 2 to avoid the simultaneous presence of nitrone, alkene, and catalyst in the reaction medium. 
Conclusions
Catalysts based on the chiral Lewis acid fragment ( 5 -C 5 Me 5 )M(PP*) (M= Rh, Ir; PP*= enantiopure chiral diphosphane) generate efficient systems for the 1,3-dipolar cycloaddition reaction between methacrylonitrile and nitrones. The employ of alkenes containing a good coordinating functionality allows the complete characterization of the substrate-catalyst intermediates formed during catalysis, as well as the optimization of the catalytic system performance. The e. e. achieved in stoichiometric reactions compared to those in sub-stoichiometric catalytic runs, strongly indicate that enantioselectivity is controlled by the metal centre. Finally, catalysts can be recycled up to three times without significant loss of activity and selectivity. Complexes 1-6 were prepared using literature procedures. 6 ] 2 (7) (8) (9) (10) (11) (12) 
Experimental Section
Material and instrumentation
Preparation of [( 5 -C 5 Me 5 )M(PP*)(NC(Me)C=CH 2 )][SbF
Compound 8, R= Cy
Yield: 91%. IR (cm 
Epimerisation reactions
Mixtures of S and R at metal epimers were dissolved in acetone. After stirring at RT for 1 hour (rhodium complexes 7 and 8) or refluxing for 6 hours (iridium complexes 10 and 11) the solution was concentrated to about 1 mL and then hexane (10 mL) was added. The resulting yellow solids were characterised by NMR as the corresponding diastereopure S at metal epimers.
On the other hand, after refluxing for 6 hours in acetone 56/44 (rhodium complex 9) or 53/47 (iridium complex 12) molar ratio mixtures of the corresponding S and R at metal epimers, diastereomeric mixtures with 40% d. e. in favour of the S at metal epimer were recovered, in both cases.
Stoichiometric catalytic reactions
At room temperature, to a dichloromethane solution of the corresponding diastereopure methacrylonitrile complex 7a, 8a, 10a and 11a or 70/30 molar ratio mixtures of the 9a/9b and 12a/12b complexes (4 mL, ca. 7.5 × 10 -2 molL -1 ), five equivalents of nitrone were added. The solution was stirred for 3 h and then an excess of n Bu 4 NBr (ca. 5 equiv) in CH 2 Cl 2 (1 mL) was added. The solvent was evaporated under vacuum to dryness and the residue was extracted with diethyl ether/CH 2 Cl 2 : 5/1 (3 × 5 mL). Solvents of the combined extracts were evaporated and the resulting colourless oil was analysed and characterised by NMR and HPLC techniques. 
Recycling experiments
X-ray Structure Determination of compound 7a
X-ray diffraction data were collected at 100(2) K on a Bruker SMART APEX CCD area detector diffractometer with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) using narrow ω rotations (0.3°). Intensities were integrated with SAINT-PLUS program 21 and corrected from absorption effects with SADABS.
22
The structure was solved by direct methods with SHELXS-2013 23 and refined, by full-matrix least-squares method on F 2 , with SHELXL-2013, 24 included in WinGX package. 25 All non-hydrogen atoms allowed anisotropic thermal motion.
Hydrogen atoms were observed in Fourier differences maps and refined with a riding model from calculated. Additionally to the internal configuration reference of the (R)-Benphos ligand, the Flack parameter was refined as a check of the correct absolute structure determination. 26 Information concerning crystallographic data collection and structure refinement is summarized in Supplementary Material. CCDC-1443435 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
